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nents of an spheal pulse have differing propagahion characlerishes,

' in time of optical pulses.

_Q;d{?nbe%eh{ vvé%d‘?};. The modO-Q dis;:;grsfoh occurs even ¥ the moterials

: . : ) o . ) L
For optical waveguwides tne most savere limitadion T the fong distanca

comraunicahon s dispersion. The effect of dispersion (s the spreading of

an ophcal pulse (~ time. This occurs because the various Frequancy compo- |

Optical \I_I\JO('v‘ega.u‘déS» exhibit three types of dispersion:

NeYY Md%rif'o&.:b.‘spe’rs‘ion ; In which lights of difRrent wavelengths travel |

cdf d\ﬂ:ereml- velocites u;‘fh;n a giver_g 'meds.'um. This effect results in spred

Ch) Modal Dispersion: This exists in waveguwdes where more than one

mode can propago}e and occurs because each mode propagades with

COmphSinS {M WC(\/’-egujde' q‘ré dispersioﬂLQSS. The e_-FFec{' of the modal
dispersion is agadin @ Spreqding vn time of op{-{coﬁ‘puises..

c) Waveguide Qis'g.:eraion: Agaun this exists in waveguwides thot can

support éven only one moda. Naveguide d\‘:\sekss'or\ occurs because tha
moda p@pagoﬁden constant B depehd; on ?raqmn;cﬁ, Gov wave%mg%),
Tn this case a puhe_v of Light Wil Pae a Frequ.?znué cantent (even for mo-
hoc,f'\romo_h'; [’»’«3‘?\4') and the varouws warebngth components of tha pulse
will pro;sagc&@ ot difGrent velooes vesudbing tn spreading of thy pufsé in

time.

Lin
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 field can be visualized oy considen'ng the electron and the nucleus +ied “:036-
ther via a spring. When there is no external field +ha system of the electron

ond the nucluw (s ot rest.

the above eguation yields:

Material TDizpersion:

A simple modad to describe tne interachon of matter with an e\ec—%romagne%’c ‘

, E &)
Nudlw/) K v Eied—mﬁ T
e — Xa" } x —=3{

when an electric feld is applied +han the electron /rAucluu separation can
change by x and for rela sve[ad( smoll electric Hields (35 compared to
+ne electron b\‘rudinavpo{fnfi‘ai ~ 40"V /em For lenization) —tha equia-han

of rmotion of +he electron is:

modx,.;_ améi_‘_\'()( = -2 EWd) R “)
di? dy : o |

where the \dmdx,ﬁt terms reprezents friction (Lost mechanisms), +he

Kx derm represents  the SPrmg restoring fore  and -e\’:‘f represents +re forey

on the electron duz 4o tha applied electnc field. Eq.(h can also be

writen in tha form: (where now X is atsumed 2 vector )

2= - - )
IR Lo X Kowiyx = - EEw 2)
di2 dt ma My

where we s the resanana ‘Freq\,umcé of +tha ozcillation. Using phasors

—~ —e/mo N
X(w) — & £ (w) Cz)

- (WE-w?) tjwy

- — RY i el = i {:
where X&) = Re §X(u!e‘wtj§ and  E(®) = Red BE(w) e }’ . Then the
raicroscopic dipole moment £ dus 4o Frz Shift of e elbchen charge

can be cefined os Dlw) = —eX(W) . IF 4here are N microscopic
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The rE(O:hva permlH—w»‘hj of the médaum can ke ch:med n

cla'poies per unit volume ,then tha matroscopic polanzation of +he mate-|

rod | | -
Plwy= NB = « NeV/me 2w | (4)

Then ,’ the &;‘s.rp),qc_e,m‘en% (electnic flux density) vector in +ne madenal

can  be wn‘H‘en a-,.

6'—' 6@‘: (eo Ne /mo > E () [ C5)
‘ CElw)

' ’ (W) 'Ne /Mo
Elwy = S gy = —— =
it et oty g
- g4 NE (w03-u?) o Ne* 3w
Seffle (Wi +g W J. SMMe &g
= &tw) ¥J€"(u.) . . : ’ )

The refractive index (s defined as the squar root of & (u)

ﬁ(@) = Nlw) - Kw) = g'-je" | 1)
wHere AW 13 +he reod pé{%— of Hra reqfrqc-Hva index and 2 (s the extinchon|
Coe {:ﬁ'd enf .

The rndex of refraction niw) increaces slowly as funchan of +ha '-Cmqu.maéw,
However, as the ‘Frequxnu\i approaches we tha refratfive index decreases
with inCreasing ﬂrequ.,wcg, The region where the rndex decrecses ds +iu Lrequer

increaes (s callad anomoalous duper\ron For example, N and ®iw)

Cculé roﬂ( Qie the curves Shown in +M nex+ -qufe ,
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Nw) |
K(w)

- When there are more than a single relonana ?quvu.mc% € () can ke

written in +he Form:

' N2 R |
Elw o= 14 2 De T | | (8)
' L Mate wg~u2+J&w

whﬁre ﬂ (s the oscillator s+rénqi:h of each fresanance. In ophcs is
more commen 1o use g instead of w. T¢ u’r is also assumed +hot d’\ VQY\é_

small then ane can use the £ !meg phen«ameaaﬁoqsco.ﬂ equmhora

» )
n2(9\°)~_A = Z .M__ g=);
. k acl_:\%

where A, Gy, 0, are colled +ha Sellmerr coefficients and represent

resonant wavelengths and ascillator strengths.
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Group TIndex and Group Delay:

For propagadion of ophcal pulzes thot contain 2 spread of waveieng{hsf

in s dlfspersive mo}eriﬁi the g.roup relocity instead of +ha prese velocty

s o«C m*ftres’:: The group ve\oc,ﬁ\j s Amcmgd oy g

— Sw | o | | (o)
YT gk ~ |
Where k= Zn(w.
- Cde _ od (w Nl wodn _ dn
ihe‘r\i oS A fnfm)) — + T Ju (n +w

1f ‘(/\\ ;v,irwiﬂs%ec.é of w is used then: (4= -Freaspau. que!eng«'r‘n)

9n_ dn dw - dod 2WC)=¢’2<_J_.ZWC)
i) d d A dw da s w2
__—d'v‘.-‘—-_f’l% é_rl : ‘(n—vw_’ - ;i.(n,} Z”C(_a_zéﬁ):
dw  Zmwe da du < a2 b 2md da
1 ¢ ~ dn
= —(Nn-5 =
C —A A‘)
Then +the group velocity can be weitlen as
dn -5 20 N
h+wdu w adg | ly

where Ng (5 the group {ndex.
The Sréup deiqﬁ - Tg is de{:‘nea oy the time i+ 4akes By a pu?:-e of
Light to travel a unit distana. Therefore,

US duy
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- Qroup Ve}ocs'*f'ﬂ Dizspersion (GVD):

A narrow optical pulse that contodns a spresd oﬁ,,wave\en«a«%hs LA

can propagode (A a dispersive medium of length L. Afder propagahon|

| tha pu‘ise widens by AT

at= L oalh) = L.f—(va) 89 7S

The .groupvao'c&g dt.’spersion DY) (o:f hov-ke,r|‘b,ﬁ ;dispersfgn) (s defined

D) = = = g (i> | | L U4)
However.u':ﬂgv:v '_*_:LN ~> é(1—>=Léﬁ‘9=Lé(ﬂ-ﬁéﬂj
3 ug < 3 axrlvy) ” Tdi R
d _dn _ C‘z‘n, t _ 2 :n
= d)\( —-(CT; d)\ Qj,\z) - < 3x2
An éqbu"-/o&,erﬁ‘ expr\:ssxon can be found iF US: %lg_:_ 't used
(L) = S(L)de | d(dkyds g oom)
55\(5;> T dwlug/ dx T dw\dw/dd  dwr T
Therefore
_ 2 4 _ "Zvc>cﬁ< 1)
D(A)"_cdz"(g el 5

Later k can be replaced by B when the waveguide ef{ects are also
being considered,

Using the A and Gx parameters {or +he sa?ph%ré (A1,05) we
obtain the results shown on page 7. The same results For Si0, and

SiOs doped with GeO, (Frker core) are shown on poges 3 and =N

respe c*h've,Q«é.

NP
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The GVD (D) pases thraugh zero of +the zero makerial ol.\:pe'rs»cn wave- |

lengtr. (et define it s dp=g ). T4 ;s S'l‘f@\_[gh_‘f’?@rwgyd +o uﬂde”imm';

thot oo occurs ab an extremmum of Ug .(in the grophs of page -9

e N L o st
24 tha maximuen ), This 15 becaute D=- =~ a0 = 2‘L_;__o = =3 =
: 4 | '. » B C ’ & : X“‘" " -
= Ng (’2‘0;0) an -ex%-r;murn = .»Jg. .(;\D___O).-_ m) ot an e v-en"u‘m |
Therefore . Ffor ";\.<QD_Q éué/g;\ 20 ~ Llonger wavelengl-hs trovvel
Sy o e Tt | . aua
faster than shorter fwaue\engfh;. Bu% smu D-: d)\( ) Uj =

D<O when 993/d, >0,
Similarly, when ,g_>30:‘0 «d'“’3/;;‘ L0 ~ shorter wavekng%hs

. d ‘ |
travel faster than longer wavelengths. Again if T‘j\ﬁ. <0 ~ }4D>O.
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and the waveguide Cor intramodad) dispersion occur. (n addition o +ha

characteristics of the woveguida,

waveguide Dispersion:

Whenewvear light iz

A

quided (n & wavegwide tha madal (or intfermoadal)
et .

matericd dispersion. In a sn‘ngto.-mode Loave_gw‘de tha modal dispersion
c(oe_a r\o{- exis .\{ che/er ’cha Wave g(uude dhperwon , even IF it is not as {AwR
as Huz, mo!re.r;‘a& dispersian

is skl important since i+ can Si"\s‘{{ the dispersion

Tt can be shown L[ A. Yariv," Optical Electronics 1n Modern (Ommunica-

tions] that the Group Velouty Dispersion D paramekr can be writkn

wt woas done

e(a envallue equaton,

pke\/i ausly,
. -~

For example

ln ’Ehe F‘OLLOang Form:‘
D = - : d~ ) - dzNeﬂ) } b_
) - d>\ CONTAAT Ju =
| ; : 16
- [( ) (B ] - 2 (E)--bg o
where PB=koMers , Mego = ef?ed-ivz index of the mode , and N = n,un, (for a
single made fiber) | I+ b assumed thod %Y;‘H fan'; ,l.e. both core and

CiO;c)‘fjina have approximakdy fhe sams dispersion,

The malerial term can e calauiaked wsing ra Sellmazir coefficients as
Tre waveguwide ferem though regquures the use
of the transcardental eigen valie  equadon ; Let £ (w R) =0 #ns

£iv e HE,M mode

flw,B) = %« I, _ oy BB (1%#)
Jo(xa) Ka{go0
where = %’Inf- B* %Z- r\%
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»z‘(

| SO.JNS-FJ 'P(w (3)—

Frarm EQ. (17) we get:

2 deo + _&__ﬂ%&ga =Q }:\—i-b—uz _Mi:'wq ’ @s)
dw \ P Wow
L The derm é—g {hé..% it needd can be obi’@'ned From -
Lo dw ' :
J7p d( ) ( ) 4 (_ affowr _
‘dw’o” dw o/ QL) Us | dw 'a;/ggv
_d_(_ af = d 2\ oF ﬁ v . SR
= _ do\2w /) 2p aﬁ aw“ R - . L - 9)
. | (3?/2!?)‘ | |
bee  L(2) o B(A)E L B (M). BE L L3 oy
where Q:,( u) - ag( u)—\: + aw\ aq 2 9\351» US *“aul ar?d_
4 (%) 2 23 4B, 2fpf) o F L T
dw OB/ PP P dw 9“’ o/ Ot Uy 2w

T+ s woﬁh _rden-i-iomng thodt Lh alt %che cloove expressions w, B shauld dlwogys |
Ce. fheiv CQrves.Ponding ejgerwo!lue eq@ocHon. Also

L'E is obv»ous -t\'ﬁoch wcwe.guude chsper von Co;chﬂqho:\s are -?:Q.&,mu,\ and c,cm be

‘ Pev«cormci | strickly Y‘Yumeﬁ'ccﬁ.% ;

For aucfrtotive purposzes the group velaaty vy o fundron of w s thown
< pur ; 3

tn the ’F\'gu’re of page 13 for tim Lowest ordar moda HE,,. The slope dig =Ug.|

At +he (nflectHon }Oami’ 34.8.2;0. Bu*‘f

7 1
D____d _ ( _ i,(i).(-@.‘f)
dz\ dwo Uy d)\ dw \ Uy 2
J (4B (Lame) o 4P (o
= dw \dw / Az w? (":\: '
_ 1] duy dw 1 C,‘_k_)_géa“() C(u°(’
Theretore dua/éw =0 ~ D=0.

When d”&/d,\ > = %}3 <0 = Lo‘ngerb wavelengtns fravel

faster than shorter wavelengths (—Fweqwno\e.;. below tra donhed Una

(n tha -ﬁ\'gum of page 133 when

——

dua <O = doz > = cshorter
Ql o




DISPERSION CURVE FOR FUNDAMENTAL MODE
OF STEP-INDEX OPTICAL FIBER
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wavelenaths travel faster than jonger wavelengths. reguancias

:'Qbo\/e tHra doshed Ure In +ha \cfguré of pmsé 1’3‘)1

When both matrerial and ,ngfegg_u‘&'e dispersion’ qf‘e»gon:idered (sinc

Unéa exizt simultanesusly) they combine 3s is shown (n the figure

O-F . pg,gg "5
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1995.

50

Dispersion (ps/km/nm)

TYPICAL DISPERSION CURVES
FOR A GLASS OPTICAL FIBER

Waveguide Dispersion
\ ]

|

3

/

/ -

v

///\Tot

al Dispersion

Z

<

Group Velocity Dispersion

l

1um

1.3 ym
Wavelength

1.6 ym



500 SHEETS, FILLER 5 SQUARE
50 SHEETS EYE-EASE® 5 SQUARE

%’ﬂﬂaﬂaﬂal@&and

MagainU. 8. A

Opt+ical Pulse Propagation (n waveguides:

. . S . - - -,’ A
Llets assume a Gowssian pulse (lnbime) at some point 2 (z=0)

(nride a wowveguide (single-mode) . Thé electric @«'evld of +ra pulse

' con ke expressed 33

E(x%_-ot) ch’?’(xu) e 2( ) ,(e Jﬁf”--? ) | _(20)?

| The Fvequencq 'pﬁc*rum of E(x g) z2=0, 'E) 'S 3pven b3

u o - : ) 4 w{: :
E(x,y,z=90 W) = §E "SCX,j)e ,2( ) “UJ e d4: =i
v , »2*&"00 . ‘ N |
. -.——(w-wo).lt o
S Ee®g) gy o 2 | | | (21

27

Tn the above it s a\s:umeci Anhat Eooy) correspords 10 one waveguwide mo- |

de. ‘N-ou‘q each .;pecirmi. carn;::c:ruem-~ owc £ s pmpagc&ed bg .\:}cmce z

&é.suming a prgpugaﬁ:mn conztant @(Lo):;
- ﬁ(u))= Jwt . :
CE(x, Yz, £) S E(X;S Z=0, w e e dw (22)

Usualy (b is assumed that R (W) (s 2 smootb functian of w and

can be expanded in 2 Toglor series with only tha fiest 4reee terms:

fluw) = Blwed + (m~wo)——} (m—w ¥ ifl\wa -
B
S Bla)+ (wmw) By = b (wowafp, (29>

where By = 1/@(4/%3)3,% = L/Uatwc) and  Ba is reloded +o +he dispersion|

. 2 .
pcirame%'( D= - 2nc (—é-e-’ ) at Qs =2 wo . Inserting Eq.(ZB) inte (22)
32 Udiat J |

and evoﬂua)ﬁna the in%egm& jields:,




3
£
3
v,
&

Eo B(x, A"C/ 1z . . 2 =~
E(X)B'z’{\)v: OgXS)[L ] EXP{_ (+ T9°) }

[t +(oT/e)® V= 2('1:27+(A'c)1)

S R ST :
exp{ J( 'z:? (t-750) } eXP{J(“"t-FOZ)} (24)

2 [T+ (A’C)ZJ

i | whee  Ac= P/ gy =plie), 3o =2

The chqrac+er of H‘e +fC1ﬂ.~.ml‘H€d pulse  can underﬂ-ood by exo.mmmg

the vqnow terms of Eq (:.4-) The F\rv+ ferrn corre;ponds o the \«u\so

cmeL.hxde uh\ch hm been decrcmed bﬂ L1+ (AZ/’C)Z3 and depencis on
‘32 and. Jr‘ma dts%n:mu z -Ha/e,i d.

Th_e second term cowe:ponds to tha pu\:e'enve\ope. The peak of +ra
pu\se “reciches 37 éi: tima Tge = B2 = E/QSQ - This ve'véals that the

Pu\se pch (en/eﬂope) propoqades with +ha group velocﬁ%\_; ruH—hermore

Jche pu se hoﬂ(mmﬂh hcu been mcreoued from T tc) <! gwen -oj

I o 5 4
T’ = '[’ca—‘- A’CZ} g [_Cz+ (ﬁzz/t)"]”z (29)

Therefore, the pulse hos been broadened.
The third +erm represents o ¥requ.mcf:; modulation. The instantanecous

{reqtuf\cﬂ of tre pulse is

AT /¢~ '
W = We + —--<_t___f_3_°.> (26D
T T2+ AT?®

When B2>0 (©=-(ZF)B <0, 3/, >0) the frequanyy

at a fized 2 increases (fr\ea‘rlg Wwith ‘time(pozk‘r;va inear C‘r\i‘rp), TF
pz <o {(D>o , d”s/aA <O ) +the -freqa,ur\ct! decreqées Uneariy with
Hime . Thé last derm of  Eg.(24) wprerents the propagotion of tha anter

F‘r*eq\.uznc\é, which repm.;enkci ‘tne original Sreld in Eq.(20).
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GAUSSIAN PULSE PROPAGATION

IN A DISPERSIVE MEDIUM
(from J. A. Buck, “Fundamental of Fiber Optics”)

us'(z_.:)uz n

(a)

RelE(z,2)}

®)

Figure 5.1. Plots of (a) the magnitude squared and (b) the real part of (5.5) for A7/T =0.5,2.0,
and 5.0.



REFRACTIVE INDEX AND DERIVATIVES

G | Go2 | Gaa?
2 __ 1 2 3
b e vl ey vl vy vE (1)

dn _ 1] G\ [eBVY G2 o)
dd o on (A=A (A2=-23)2 0 (A2-A3)2]°

Cdn 1 { [GM%(WH%) G2A3(33% + A3) GaA§(3A2+A§)] (dn>2} 5
dX2 " n -{=x) ¢

X T T e T - Re | @
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